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ABSTRACT 
 
Phenol and its compounds are highly toxic even in low concentration, and have become the subject 
of intense research during the last two decades. Effluents from industries such as oil refining, paper 
milling, olive oil extraction, wood processing, coal gasification and textiles and resin manufacturing 
and agro-industrial wastes discharge phenols at levels much higher than the toxic levels set for this 
compound. Advanced Oxidation Processes (AOPs) such as UV, UV-TiO2, UV-H2O2, O3 and UV-
O3 have become popular in recent years as efficient treatment methods for recalcitrant compounds 
like phenol.  
The effect of microwave (MW) and combined MW-UV treatment on degradation of phenol was 
studied in aqueous solution in the presence and absence of TiO2 under controlled temperature 
conditions. It was found that the efficiency of MW and MW-UV processes for the degradation of 
phenol was less than 10% after 120 minutes of treatment. However, the efficiencies of MW-TiO2 
(hydrothermal) and MW-TiO2 (sol-gel) were slightly more than those of the above processes at 12 
to 15% after 120 minutes, which might be due to adsorption of the phenol on the surface of TiO2 
particles. It also was observed that MW-UV-TiO2 was superior to any other process studied for the 
degradation of phenol. At natural pH, the degradation efficiency of MW-UV-TiO2 (HT) on 1500 
ppm of phenol in water was 23%, and for MW-UV-TiO2 (SG) it was 20%. Hence, it can be 
concluded that the catalyst (TiO2) prepared by the hydrothermal (HT) method had better catalytic 
activity than TiO2 prepared by the sol-gel (SG) method, which might be due to its structural and 
optical characteristics. Of the two developed reactors which are MW and a combined MW-UV 
reactor, MW-UV combined with TiO2 could be used for most successful degradation of phenol.  
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CHAPTER 1 
INTRODUCTION AND OBJECTIVES 
 
Water covers 70% of the earth’s surface, most of it is saline. However, it is a problem these 
days to obtain fresh, clean and uncontaminated water due to increasing population and fast 
industrialization. Water pollution occurs when harmful materials are added beyond the capacity of a 
water body to break it down, degrading the quality of water for other uses.  
 
1.1 Water pollution problem 
Nature as well as anthropogenic sources are responsible for causing pollution. Toxic wastes, 
released into the environment causing environmental contamination are a point of concern. Strict 
guidelines for maximum contamination levels in waste from several industries and a desire to 
protect the environment have increased the level of interest in developing and improveing existing 
technologies for the removal of toxic compounds from wastewater. Petroleum may pollute water 
bodies due to oil spills resulting from the rupture of oil carrying pipes, sudden releases from oil 
wells and leakage from storage tanks.  
 
Sources of Water Pollution 
There are two main sources of water pollution. Point sources includes industries, wastewater 
treatment facilities and other sources, directly discharging waste into water sources. Non-point 
these sources are more difficult to identify, because they are not a particular location and include 
runoff containing fertilizer, chemicals and animal wastes, construction sites and mines. Substances 
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leaching from landfills into water supplies also can be non-point sources of pollution (Agarwal et 
al. 2009).  
 
Contaminants 
Contaminants, present in water sources may include the microbial contaminants, such as 
bacteria and viruses, may come from sewage treatment plants and agricultural livestock operations. 
Inorganic contaminants includes metals and salts, which can occur naturally or can result from 
urban storm water runoff, domestic or industrial wastewater, oil and gas production. Organic 
chemical pollutants, consists synthetic and volatile organic chemicals, resulting byproducts of 
industrial processes and petroleum production. Radioactive contaminants, that can be found 
naturally or by the result of oil and gas production. (Ellen et al. 1997). 
From an environmental point of view, persistent materials are most worrisome among the various 
waste products as various sectors of the environment can be affected if they are not receiving a 
specific treatment necessary for their destruction. These types of pollutants are more problematic as 
their small volume can contaminate a large volume of water and they cannot be stored for a long 
period of time. A large number of compounds can be transformed into potentially dangerous 
substances during their treatment, for example chlorination of compounds can result in the 
formation of chlorocarbons (Mishra et al.2009). 
These types of compounds in wastewater are non-biodegradable in nature rendering the 
most commonly used biological treatments ineffective unless there is an additional specific 
treatment. Toxic and biologically recalcitrant compounds demand additional non-biological 
technologies for their destruction such as advanced oxidation processes (Kumar et al. 2010). 
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1.2 Phenol 
The use of phenol and its compounds in industrial processes and their presence in the 
resulting wastewaters is an issue of environmental concern. Their high toxicity, even at low 
concentrations, has motivated the search for and improvement of many treatment techniques (Arana 
et al. 2007). During the last two decades, phenolic compounds have become the subject of 
accelerated research in the preservation of our environment.  
Phenol and phenolic substances are toxic aromatic compounds present in wastewaters 
generated from various industries, including petroleum refining, resin, plastic, leather and textile 
manufacturing, chemical and petrochemical plants, rubber reclamation plants, pharmaceutical 
manufacturing and agro-industrial operations (Moussavi et al. 2009). Water sources near the 
Athabasca oil sands region and the Fort Murray oil sands production facility in Alberta, Canada are 
highly contaminated with various toxic organic compounds released as industrial effluent from the 
oil extraction processes, and include oil and grease, naphthenic acids, cyanide and phenols (Erik et. 
al. 2008). Organic compounds detected in tailings-pond water include bitumen, naphthenic acids, 
asphaltenes, benzene, creosols, humic and fulvic acids, phenols, phthalates, polycyclic aromatic 
hydrocarbons, and toluene (Strosher and Peake 1978; MacKinnon and Retallack 1981; Gulley 
1992; MacKinnon and Sethi 1993; Madill et al. 2001; Rogers et al. 2002b).  
  Phenol is one of the most important intermediates product in the oxidation of higher-
molecular weight aromatic hydrocarbons in the chemical industry. Thus, it is usually taken as a 
model compound for advanced wastewater treatment studies. It is listed as a priority pollutant in the 
list of Environmental Protection Agency (EPA-2002). Due to its toxic nature, the EPA has set a 
discharge limit of less than 1 part per billion (ppb) of phenol in surface water (Busca et al. 2008). 
Therefore, the disposal of phenols has become a major global concern and industries are forced to 
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apply advanced and efficient technologies for treating phenolic effluents before discharging into the 
environment. Although phenol is toxic, it is frequently used in producing some of industrially 
important chemicals (Schmidt 1999, Busca 2007). Kumar et al. (2010) listed some of the main uses 
of phenol: 
 Bisphenol A is a product of the reaction of two moles of phenol and one mole of acetone 
and is used to produce polycarbonates and automotive components. 
 Phenolic resins are produced by condensation of phenol and formaldehyde. It is used as 
adhesives in the plywood industry and as a disinfectants.  
 
 Many of the treatment methods including chemical and biological methods, are already in 
use for treatment of waste water contaminated with phenol. Low rates of degradation, low 
mineralization, high costs of operation or operating conditions, and the time involved in these 
methods and formation of hazardous by-products, limit their effective use (Agustina et al. 2005). 
Processes combining microwave treatment combined with advanced oxidation are still in the 
developmental stages, but and have high potential for use in the treatment of contaminated water 
(Mishra et al. 2009).  
  The scope of the present study is to develop an integrated Microwave-Ultraviolet (MW-UV) 
reactor using an the electrode-less UV lamp inside a microwave reactor (so that the lamp is not 
affected by the microwave field) and to use this reactor to study the degradation of phenolic 
pollutants at controlled temperature.  
Furthermore a knowledge gap exists with repect to understanding the effect of MW-UV 
irradiation combined with a catalyst (TiO2) synthesized by two different methods, hydrothermal and 
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sol-gel. There is a valid need to develop, and evaluate microwave-assisted advanced oxidation 
process treatment systems for treatment of high concentrations of phenol. It was hypothesized that a 
MW assisted advanced oxidation treatment system would have high potential for rapid degradation 
of phenol in a phenol water mixture. 
 
1.3 Objectives  
  Based on the above knowledge gap, the overall objective of the proposed research was to 
investigate the efficiency of degradation of high concentrations of phenol in two developed 
treatment systems, along with the effect of two different methods of catalyst (TiO2) preparation on 
the rate and extent of phenol degradation. The specific objectives were: 
 to determine the dielectric properties of phenol-water mixtures over the microwave 
frequency range of 1   to 5 GHz; 
 to synthesize (hydrothermal and sol-gel methods) and characterize TiO2 catalysts, and 
compare the photocatalytic activity of the prepared catalysts using two developed treatment 
systems, microwave only and microwave-assisted UV irradiation combined with AOPs for 
the degradation of phenol; and  
 to investigate the microwave assisted UV treatment system at 2.45 GHz for the catalyic 
(TiO2) degradation of phenol. 
 
1.4 Organization of the Thesis 
  The thesis is organized according to the University of Saskatchewan guidelines for 
manuscript-based theses. Chapter 1 introduces the subject matter and the overall and specific 
objectives of the research. The review of literature on phenol properties, sources, toxicity and 
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different treatment methods is presented in Chapter 2. Chapter 3 presents the study on dielectric 
properties of phenol- water mixtures, i.e. the effect of phenol concentration, temperatures and 
microwave frequency, and results and discussion. Chapter 4 presents the synthesis of TiO2 catalyst 
by two methods, development of combined microwave-UV reactor and investigations on the 
degradation of phenol, including methods, materials, results, and discussion. Chapter 5 provides a 
general summary of all results obtained, conclusions, and recommendations for future studies.  
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CHAPTER 2 
 
LITERATURE REVIEW 
 
 
 
The literature on phenol structure, physical and chemical properties, dielectric properties, 
sources of contamination, environmental problems, toxicity and different methods available for its 
treatment, is reviewed and presented in this chapter as an understanding of the topics is required 
prior to developing a thermo-chemical reactor. 
 
2.1 Phenol  
Phenol is the common name of hydroxybenzene, C6H5OH, the simplest member of a family 
of compounds in which an -OH group is attached directly to a benzene ring. At room temperature it 
is a white, crystalline solid. It consists of an hydroxyl group (-OH) attached to a phenyl (-C6H5) 
ring. It is only mildly acidic  in nature but requires careful handling because of its toxic nature and 
can cause severe burns. 
 
2.2 Structure of Phenol 
Phenol is an aromatic molecule consisting of an hydroxyl group attached to a benzene ring 
(Figure 2.1).  
                                                    
Fig. 2.1: Chemical structure of phenol (http://en.wikipedia.org/wiki/Phenol) 
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2.3 Chemical and Physical Properties of Phenol 
Phenol at room temperature is a colorless, hygroscopic crystalline solid. It is highly soluble 
in water and in many organic solvents (such as alcohols, ethers, chloroform and several other polar 
solvents). Table 2.1 explains the chemical and physical properties of phenol.  
 
Table 2.1: Chemical and physical properties of phenol (Kirk-Othmer et al. 1999) 
PROPERTIES                                                                                               PHENOL 
 
Formula                                                                                                            C6H5OH 
Molecular weight (g/mol)                                                                                 94.11 
Water solubility (g/L at 25ºC)                                                                           87 
Melting point (ºC, 100 kPa)                                                                              43 
Boiling point (ºC, 100 kPa)                                                                               181.8 
Acidity pKa                                                                                                                                                           9.89 X 10
-10
 
Density (solid) (g/cm
3
) (at 25 °C)                                                                     1.071 
Dielectric constant (50ºF)                                                                                 4.3 
Vapor pressure at 25ºC (Pa)                                                                              47 
 
 
 
2.4 Sources of Phenol Contaminants 
 Phenols are the most common pollutant found in wastewater streams from the agri-food, 
pharmaceutical, chemical and petrochemical industries (Gimeno et al. 2007). All industries that 
either produce or use phenol are responsible for the release of this compound into the environment. 
Phenol concentrations ranging from a few hundred up to 10,000 mg/ L have been reported in 
wastewater (Fedorak and Hrudey et al. 1988). Hunter et al. (1971) stated that in domestic 
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wastewater the concentration of phenol is between 0.1 and 1 mg/L. Table 2.2 shows the 
concentration of phenol in the effluents generated in several industrial operations.  
Table 2.2: Phenol concentrations in industrial effluents (Busca et al. 2008). 
Industry                                                                                      Phenol concentration, mg/L 
Coking operations                                                                                  28 – 3900 
Coal processing                                                                                      9 – 6800 
Petrochemicals                                                                                       2.8 – 1220 
Pulp and paper                                                                                        0.1 – 1600 
Gas production                                                                                       4000 
Refineries                                                                                               6 – 500 
Pharmaceuticals                                                                                     1000 
Benzene manufacturing                                                                         50 
 
 
Phenol and related phenolic compounds enter our environment from industrial and from 
natural sources, and in very low concentrations from anthropogenic activity. For example, in a high 
altitude spruce forest phenol compounds present in the capillary water of the soil showed a total 
monomer concentration of 2 µM. These monomers includes vanillic acid, 4-hydroxybenzoic acid 
and cinnamic acid, and represented only 1% of the total phenolic compounds (Gallet and Pellisier et 
al. 1997). Any type of bioresource (plant) material, such as fresh or decaying leaves, roots, shoots 
and flowers can leach phenolic compounds into the environment. Some of these compounds, for 
example 4-hydroxybenzoate, p-coumaric, vanillic and cinnamic acids act as chemoattractants for 
microbes in the soil, like Pseudomonas and Rhizobium species (Harwood et al. 1986; Kape et al. 
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1992). In marine systems, natural phenols are, produced by marine algae, plants, and invertebrates, 
and degraded by microbial populations (Boyd and Carlucci et al. 1993). Phenols are produced 
during the anaerobic degradation of ligninaceous plant materials in ruminant animals and are 
excreted in urine and feces (Martin et al. 1982). 
 
2.5 Environmental Problems 
Phenolic compounds in water are a cause of various environmental problems. At a low 
concentration of approximately 5 ppb, they result in unpleasant tastes and odours and are highly 
toxic at concentrations greater than 2 mg L
-1
, which creates several problems for aquatic life (Luis 
et al. 2011). Chlorination of drinking water containing phenols produces chlorophenols, which are 
more toxic than phenol and are very difficult to remove. Deichmann and Klepinger (1981) reported 
that ingestion of substances containing as little as 1 mg L
-1
 of phenol can have fatal consequences in 
humans. Phenol concentrations higher than 2 mg L
-1
 are toxic to fish, and concentrations between 
10 and 100 mg L
-1
 result in the death of most aquatic life (Huang et al. 2007). Drinking water 
contaminated with phenol causes diarrhea, mouth sores, damage to kidneys and even paralysis of 
the central nervous system (Senturk et al. 2009). Due to its harmful effects on living organism, 
phenol is listed as a priority pollutant by the US Environmental Protection agency (EPA) (Kumar et 
al. 2010), which requires decreasing the phenol concentration below 1 mg/L before a contaminated 
water stream can be released into the environment (Ayranci and Duman 2005). 
   
2.6 Toxicity of Phenol 
Exposure to phenol can disturb central nervous system, resulting coma and reduction in 
body temperature (hypothermia) and can also results in myocardial depression. Phenol causes a 
burning effect, and whitening and pealing of the skin. Phenol contact can cause irritation in the eye, 
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conjunctional swelling, corneal whitening and, finally, blindness. Chronic exposure may result in 
anorexia, dermal rash, gastrointestinal disturbance, vomiting, weightlessness, hepatic tenderness 
and nervous disorders. It is also suspected that exposure to phenol may cause paralysis, cancer and 
genetofibre striation (Nair et al. 2008). 
 
2.7 Reported Techniques for Phenol Analysis 
There are various analytical techniques reported in the literature for the determination of 
phenol concentration after degradation and for identification of the intermediates formed in the 
reactions. Analysis of the samples has been done using a Chemito 2500 UV–VIS recording 
spectrophotometer at 270 nm (wang et al. 2005). HPLC was used for the analysis of phenol and its 
degradation products as presented by Mahamuni et al. (2006). The phenol concentration in 
advanced oxidation processes can be determined by HPLC with a UV detector (Esplugas et al. 
2002). A UV/VIS spectrophotometer was adapted to analyze the degradation of phenol with 
ultrasonic radiation by Ismail et al. (2010). Kumar  et al. (2010) identified the intermediates of 
phenol oxidation in solution using high resolution liquid chromatography (Waters 2695, Milford 
MA, USA) coupled to an inline diode array detector (Waters 996 PDA) connected in series to a 
Quattro Ultima triple quadrupole mass spectrometer equipped with an electrospray interface (ESI) 
(Micromass, Manchester UK) operating in the negative ion mode.  
 
 
2.8 An Overview of Available Treatment Methods for Removal/Degradation of Phenol 
 
“Most conventional treatment processes are effective in water treatment but they only 
transfer the contaminants from one medium to another or generate waste that requires further 
treatment and disposal” (Crittenden et al. 1997, Topodurti et al. 1993). Removal of contaminants to 
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allowable discharge limits is important, whether by single method or a combination of methods. 
Several methods are reported in the literature for the treatment of phenol and its compounds in 
water. 
 
 
2.8.1 Incineration  
This method is used for treating small quantities of wastes having high pollutant 
concentrations, but there are some disadvantages to this method: 1) high investment costs for 
instruments and high operating costs for energy because it requires additional fuels; and 2) 
production of carbon oxides and nitrogen oxides resulting from the oxidation of organic compounds 
at high temperatures (Kumar et al. 2010).  
 
2.8.2 Adsorption onto Activated Carbon 
 This is a method whereby the organic pollutants are removed from wastewater by 
adsorption onto the surface of solid particles, where it is stored for future extraction. Adsorption of 
phenol onto activated carbon is a frequently studied treatment method because of the affinity of 
phenols for the active surface of carbon (Garcia-Araya et al. 2003). Several other adsorbents were 
discussed for removal of phenols, including bentonite and perlite, hydrotalcite and its calcined 
product, bituminous shale, water-insoluble cationic starch, and porous clay heterostructure (Chen et 
al. 2007). The disadvantage of this method is the high costs associated with recovering activated 
carbon particles from the treated wastewater (Banat et al. 2000). This process also suffers from a 
lack of continuity, and the adsorbent gets saturated with pollutants which lowers its removal 
efficiency. The disposal of solid adsorbent after use is also a serious concern. 
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2.8.3 Biodegradation of phenolic wastes  
Biological treatment in comparison to other treatment options is the most economical 
alternative. The cost of biodegradation of pollutants is stated to be 5 to 20 times lower than 
chemical treatments such as ozonation (Mantzavinos et al. 1999). Several microorganisms, such as 
Pseudomonas resinovorans strain P-1, Brevibacillus sp. strain P-6, Pseudomonas aeruginosa and 
Pseudomonas pseudomallei, are reported to use phenol as a carbon and energy source but at low 
concentrations only (Yang and Lee et al. 2007). Biodegradation is a very useful and suitable 
treatment method for degradation of phenol concentrations within the range of 5-500 mg/L. 
Concentrations higher than 1450 mg/L are toxic and can kill the whole population of 
microorganisms present in the wastewater (Sevillano et al. 2008). Biological treatment alone is not 
a suitable treatment method for phenol at a concentration higher than 1450 mg L
-1
 and 
concentrations up to 50 mg/ L are effective for biological removal of phenol in water, so that other 
methods or combinations of methods are required for degrading higher concentrations of phenol 
(Yavuz et al. 2010). Biological treatments need to be combined with other treatments such as 
chemical oxidation for effectively removing higher concentrations of phenol from wastewater in an 
economical manner. 
 
 
2.8.4 Chemical oxidation 
Chemical oxidation methods for treating organic pollutants is a promising alternative when 
wastewater cannot be treated by biodegradation. Chemical oxidation can be divided into two types 
of processes, classical chemical treatments and advanced oxidation processes (AOPs).  Classical 
chemical oxidation is the process in which there is a direct addition of the oxidant to the 
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wastewater. The following are the most common chemical oxidants discussed by Kumar et al. 
(2010): 
 Chlorine The main disadvantages of adding chlorine are its low selectivity and formation of 
more harmful chlorinated compounds after the reaction with pollutants.   
 Potassium permanganate The disadvantage of potassium permanganate is the formation of 
magnesium dioxide after oxidation, which precipitates and needs to be removed by 
clarification or filtration. 
 Hydrogen peroxide Hydrogen peroxide is a very strong oxidant and can be used alone or 
with a addition of a catalyst. There are numerous advantages of using this oxidants such as 
low cost, high oxidizing power and ease of handling compared to other oxidizing agents.  
 
 
2.8.4.1 Advanced oxidation processes (AOPs) 
AOPs can be used for the treatment of high concentrations of organic compounds and are 
popular for treating phenolic wastes (Villota et al. 2007). Advanced oxidation processes are 
processes in which there is a generation of reactive species, such as hydroxyl radicals (HO
• 
), which 
are strong and non-specific oxidation agents (Zazo et al. 2007). AOPs based on the production of 
hydroxyl radicals (HO
•
), are strong and non-selective oxidizing agents, and have oxidation potential 
higher than those of ozone and hydrogen peroxide (Neyens and Baeyens et al. 2003). AOPs have 
the high oxidation potential of hydroxyl radicals, responsible for complete oxidation of organic 
contaminants. AOPs are divided into two main categories on the basis of the generation of hydroxyl 
radicals, 
 
 UV- based processes (UV/O3, UV/O3/H2O2, UV/TiO2) 
 Hydrogen peroxide - based processes (O3/H2O2, H2O2/Fe
2+
, UV/H2O2)  
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2.8.4.2 Photocatalysis 
Photocatalytic processes use a semiconductor metal oxide as catalyst and oxygen as an 
oxidizing agent (Luo et al. 1996). Many catalysts have been studied so far, but TiO2 in the anatase 
form seems to have the most promising nature such as high stability, good performance and low 
cost (Rajeshwar et al. 1995). When comparing other conventional chemical oxidation methods, 
photocatalysis is more effective because semiconductors are inexpensive and capable of degrading 
various recalcitrant compounds (Ku et al. 1996). The initiating step in a photocatalytic process is 
the absorption of radiation which results in the formation of electron-hole pairs in conduction and 
valence bands as shown in Figure 2.3 (Agustina et al. 2005).  
 
 Fig. 2.2: Schematic of formation of electron-hole pairs in TiO2. 
The electrons are able to reduce dissolved oxygen with the formation of the superoxide 
radical ion O2
•−
,whereas remaining holes are capable of oxidizing H2O or HO- to reactive HO 
radicals; 
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These reactions are of great importance in oxidative degradation processes due to the high 
concentration of H2O and HO
•
 adsorbed on the particle surface.  
 
 
2.8.4.3 H2O2 photolysis 
This process is effected by irradiating the pollutant solution containing H2O2 with UV light 
having wavelengths less than 280 nm. This causes the chemolytic cleavage of H2O2. 
 
H2O2 + hv                            2OH
•
                                                             (2.5) 
 
 
2.8.5 Ultrasonic technology 
 Ultrasonic technology may be used for treatment of pollutants in wastewater due it to its 
uniqueness. Application of this technology results in the decomposition of complex organic 
compounds to much simpler compounds due to a cavitation process (Mahvi et al. 2009). 
Destruction of microorganisms by ultrasonic energy has been a subject of interest since the 1920s 
when studies of Harvey and Loomis (1930) were published. Its mechanism is the cavitation 
phenomenon and associated shear disruption which results in localized heating and free radical 
formation. These radicals penetrate into water and oxidize dissolved organic compounds. Hydrogen 
peroxide (H2O2) is formed as a result of OH
•
 and OOH
•
 radical recombination on the outside of the 
cavitation bubble. There are two main mechanisms in the sonolysis system for pollutant 
decomposition: 
 Pyrolysis reactions in cavitation bubbles. 
 Radical reactions by radical species (H•, OH•) from water sonolysis. 
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These two mechanisms are as below (Crittenden et al. 2004): 
 
 
 R    Pyrolysis Product                                                            (2.6) 
 H2O  H
•
+ OH
•
                                                                     (2.7) 
 OH• + R       Product (2.8) 
 
 
2.8.6 Microwave treatment 
Microwave (MW) radiation is a part of the electromagnetic spectrum in the frequency range 
of 300 MHz to 300 GHz. The first commercial microwave oven operating at 2.45 GHz was used in 
1947. A great deal of interest is received by microwave irradiation in domestic, industrial, scientific 
and medical applications. Environmental applications of microwave are pyrolysis of sewage sludge 
(Menendez et al. 2002), hazardous and radioactive waste remediation (Wicks et al. 2001), 
desulphurization of coal (Ferrando et al. 1995), and microwave and microwave-assisted 
photocatalytic treatment of naphthenic acid in water (Mishra et al. 2009). Removal of ammonia 
nitrogen in wastewater by microwave radiation was studied by Lin et al. (2009). The combination 
of MW with oxidants, catalysts on AOPs (UV, TiO2, Fenton process, H2O2) can enhance pollutant 
degradation. Microwave-enhanced photocatalytic degradation is an emerging field of research 
(Mishra et al. 2009). The use of an electrodeless microwave UV-VIS lamp to photodegrade 
pollutants in aqueous media was reported by Horikoshi et al. (2004). Klan et al. (2002) reported 
various advantages of using a microwave electrodeless lamp for water treatment, including the use 
of a commercially available microwave oven and the simplicity of the experimental setup using an 
electrodeless MW lamp.  
Δ +))) 
Δ +))) 
Δ +))) 
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The main advantage of energy produced by microwave irradiation over conventional heating 
methods is the way by which energy is used via radiation rather than from conductive heat transfer 
and convection. The conversion of energy into heat takes place evenly across the whole volume of 
the microwave absorbing heat exchanger, heating load or catalyst. Thermal and non-thermal effects 
govern microwave- assisted reactions. A typical thermal microwave effect was reported by Strosher 
et al. (1978) using the sulfonation of naphthalene as an example. Another thermal effect of 
microwave radiation is the formation of “hot spots”. Hot spots are areas which have higher 
temperatures than their surroundings because of greater interaction with the microwave field and 
their poor heat transfer properties. The increased number of OH
•
 radicals and changes in 
hydrophilic/hydrophobic characteristics were attributed to the non-thermal effects of the microwave 
radiation (Mishra et al. 2009). 
 
 
2.8.7 Microwave (MW) theory and the role of dielectric properties 
The application of MW radiation is based on the properties of a fast and selective heating 
mechanism in environmental process engineering. Rapid heating of materials is a result of the 
dissipation factor of the material (loss tangent), which is the ratio of the relative loss factor (є”) to 
the dielectric constant (є’) of the material. The relative measure of the MW energy density in the 
material is the dielectric constant, whereas, the relative loss factor accounts for the internal 
mechanism and shows the amount of MW energy that is lost in the material as heat energy. 
Materials having a high є” can easily absorb and convert energy into heat (Mishra et al. 2009).  
 Tian et al. (2005) concluded that the effect of MW irradiation on reaction kinetics was due 
to dielectric heating and non-thermal action. Microwave irradiation does not result in changes in the 
structure of a molecule. It is a non-ionizing radiation causing molecular motion by migration of ions 
 19 
 
and rotation of dipoles in the molecule. The heating mechanisms of MW radiation are dipolar 
polarization which results from intermolecular inertia and is responsible for majority of MW 
heating, conduction mechanism and interfacial polarization (Remya et al. 2011). The principle of 
MW-induced separation of molecules was reported by Kong et al. (2006), whereas the dipole is 
subjected to a high frequency and varying electromagnetic field. Rotation of the dipole cannot keep 
up with the electromagnetic field of the MW, leading to a time delay and causing a conversion of a 
substantial quantity of the microwave energy to heat energy. The effect of concentration, 
temperature and MW frequency on the microwave permittivity of a naphthenic acid-water mixture 
was reported by (Mishra et al. 2007).  
 
 
2.9 Titanium Dioxide (TiO2) – A Catalyst 
Titanium dioxide is a well known product with several important applications that are 
proven as safe in its use over decades. Titanium dioxide is defined as a white, solid, inorganic 
substance that is thermally stable, nonflammable and not classified as hazardous material (Hsien et 
al. 2000). It is an important material with a vast range of applications in industrial and consumer 
goods including paints, adhesives, photocatalysis, ceramic materials, fillers, paper and paperboard, 
coating, pigments, crayons, UV protection in sunscreens, cosmetics and pharmaceuticals, floor 
coverings, roofing materials, catalyst systems, food colorants, automotive products and water 
treatment agents, and has attracted attention in both fundamental research and practical 
development work (Porkodi et al. 2007). Among the various semiconductor materials, TiO2 is the 
most widely used photocatalyst due to its non-toxicity, high activity, high stability, and relatively 
low cost (Hsien et al. 2000). The photocatalytic activity of TiO2 varies depending on its 
crystallinity, particle size, crystal phase, surface area and method of preparation (Chen et al. 2007). 
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It is known that the anatase form of TiO2 within small particle size and high crystallinity is required 
to obtain highly active photocatalysts (Thompson et al. 2006). Different preparation methods such 
as hydrothermal, sol-gel, and micro-emulsion to synthesize nanoparticles of TiO2 have been 
reported. “The increase in surface area with a reduction in particle size means an increase in the 
number of active sites on which the electron acceptor and donor are adsorbed and participate in the 
redox reaction” (Kavitha et al. 2013). To obtain a photocatalyst with high performance, many 
structural parameters such as crystallite size, crystalline quality and specific surface area are 
important.  
 
 
2.9.1 Occurrence of TiO2 
Pure TiO2 is not found naturally and is derived from ilmenite or leuxocene ores. TiO2 is 
present in three crystalline structures: rutile, anatase, and brookite. Anatase shows better 
photocatalytic activity because of the lower recombination probability of electron-hole pairs (Doll 
et al. 2005, Hsien et al. 2000). This structure needs 3.2 eV for activation energy and requires UV 
light for activation (Mishra et al. 2009). Ritile is the most stable form, has a band gap of 3 eV and 
can be activated by solar radiation. Anatase and brookite both have a tendency to change into the 
rutile form upon heating. 
 
 
2.9.2 Structure of TiO2 
Structure of anatase and rutile is a chain of TiO6 octahedrals in which Ti
4+
 ions are 
surrounded by six O
2-
 ions.  
Chen et al. (2007) reported that in the “rutile phase each octahedron shares a corner with 
eight neighbors and shares edges with two other neighbors and forms a linear chain. In the anatase 
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structure, each octahedron shares a corner with four neighbors and shares edges with other 
neighbors and forms a zig-zig chain with a screw axis”. Table 2.3 presents the crystal structure of 
TiO2. Figure 2.4 shows the crystal structure of the anatase and rutile phases. 
 
Table 2.3: Crystal Structure of TiO2 (Doll et al. 2005) 
Phase                             Crystal structure 
Anatase                             Tetragonal 
Rutile                                Tetragonal 
Brookite                            Orthorhombic 
 
 
 
                                                  
  (a)                                                                                              (b) 
Fig. 2.3: Crystal structure of (a) Rutile and (b) Anatase 
(http://en.wikipedia.org/wiki/Titanium_dioxide). 
  
 
2.9.3 Requirement of TiO2 Nanoparticles 
  When the particle size decreases, part of atoms on the surface increases providing higher 
surface area to volume ratio, responsible for better catalytic activity (Hoffmann et al. 1995).  
  With the decrease in nanoparticles size there is a increase in the band gap energy and 
resulting potentially enhance redox potential of the holes in valence band and conduction band 
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electrons, allows photo-redox reaction which might not take place in the bulk materials to occur 
readily (Hoffmann et al. 1995). 
 
 
2.9.4 Characterization techniques for TiO2 nanoparticles 
Characterization of prepared catalysts has been done on the basis of their crystallinity, 
crystallite size and structural properties. X-ray diffraction (XRD) is used to calculate crystallite size. 
Scanning electron micrography (SEM) is used to determine the grain size. Efficiency for 
degradation of phenol using two prepared catalysts with the two developed systems (microwave 
and microwave-assisted UV treatment systems) has been investigated in this study.  
 
 
2.9.4.1 Fourier Transform Infrared spectroscopy (FTIR) 
In infrared spectroscopy IR radiation passes through a material; some of the infrared 
radiation is absorbed and some is transmitted. The resulting spectrum shows the molecular 
absorption and transmission, and creating a molecular fingerprint of the material. The IR region 
shows vibrations of bound atoms. When the bound atoms vibrate, they have a tendency to absorb 
infrared energy meaning they exhibit IR absorption bands (Silverstein et al. 2005). There are two 
types of molecular vibrations: 
 
Stretching: It is a vibration which shows rhythmical movement along the bond axis resulting in 
either increases or decreases in intermolecular distance, and may be symmetrical stretching or 
asymmetrical stretching (Silverstein et al. 2005). 
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Bending:  It is a vibration which creates a change in angle between bonds with a common atom. 
There can be four types of bending- twisting, rocking, scissoring and wagging (Silverstein et al. 
2005). 
 
Fig. 2.4: Schematic representation of stretching and bending vibrational modes. 
 
Instrumentation 
 “The components of an IR machine are the IR source, beam splitter, monochromator, 
transducer, analog to digital converter and a digital machine to quantify the readout” (Skoog et al. 
2007). Figure 2.6 shows a schematic of a FTIR spectrophotometer. IR radiation with wavelengths 
between  (4000 and 400cm
-1
) is split into two beams. One beam has a fixed length and other one 
varies. “The difference between the two path lengths results in a sequence of constructive and 
destructive interference and hence variation of intensities which is called an interferogram. Fourier 
transformation converts this interferogram from the time domain to the frequency domain. Sample 
and reference interferograms are separately transformed. Then, the ratio of both is automatically 
calculated and displayed as an IR transmission spectrum” (Silverstein et al. 2005). 
Symmetrical            
stretch 
Asymmetrical 
stretch 
Rocking Scissoring Wagging Twisting 
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Fig. 2.5: Schematic of Fourier Transform Infra Red spectroscopy (Pavia et al. 2009). 
 
 
 
2.9.4.2 X-ray diffraction (XRD) 
 X-ray diffraction is an analytical technique which is used for phase identification of a 
crystalline material. It can provide information about the unit cell dimensions of natural and 
synthesized compounds (Satterfield et al. 1996).   
 X-ray diffraction is based on the constructive interference of monochromatic X-rays with a 
crystalline material. These X-rays are generated by a cathode tube and then filtered to produce 
monochromatic radiation, collimated to concentrate, and directed toward the test material. “The 
interaction of these incident rays with the sample produces constructive interference along with a 
diffracted ray when conditions satisfy Bragg's Law. “This law relates the wavelength of 
electromagnetic radiation to the diffraction angle and the lattice spacing in a crystalline sample. 
These diffracted X-rays are then detected, processed and counted. By scanning the sample through 
a range of 2θ angles, all possible diffraction directions of the lattice should be attained due to the 
random orientation of the powdered material. Conversion of the diffraction peaks to d-spacings 
IR Sources 
Sample 
   Ref 
Splitter Detector Processer Printout 
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allows identification of the material because each material has a set of unique d-spacings. Typically, 
this is achieved by comparison of d-spacings with standard reference patterns” (Harold et al. 2009). 
The relationship between the wavelength of the incident X-rays, angle of incidence and spacing 
between the crystal lattice planes of atoms is known as Bragg's Law (Figure 2.7), which is 
expressed as 
 
n λ = 2d sinθ                                                 (2.9) 
 
where, n (an integer) is the "order" of reflection, λ is the wavelength of the incident X-rays,  
d is the interplanar spacing of the crystal and θ is the angle of incidence. 
 
 
 
Fig. 2.6: Bragg's Law reflection. The diffracted X-rays exhibit constructive interference when the  
 distance between paths ABC and A'B'C' differs by an integal number of wavelengths. 
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2.9.4.3 Scanning Electron Microscopy (SEM) 
  Scanning electron microscopy (SEM) is used as a tool to obtain the image of a surface, with 
a magnification that is sufficiently large for both macro- and micro-structures (Castle et al. 1997). 
The SEM uses electrons rather than light for making the image. There are many advantages to using 
SEM over a light microscope. The SEM has a large depth of field which is why it can focus on a 
large amount of the sample at a time. The SEM also produces images with high resolution 
(Satterfield et al. 1996). 
  Preparation of the samples for SEM is very easy, and requires only that the sample be 
conductive. The combination of higher magnification, larger depth of field, higher resolution and 
ease of sample preparation makes the SEM one of the most important scientific tools used in 
research today (Drzazga et al. 2006). A schematic of an SEM is shown in Figure 2.9. 
 
  
Fig. 2.7: Schematic view of the operation of SEM  
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 “The specimen is placed inside the microscope's vacuum column through an air-tight door. 
Then, the air is pumped out of the column, and an electron gun, situated at the top, emits a beam of 
high energy electrons. This beam travels downward through a series of magnetic lenses which are 
designed to focus the electrons to a very fine spot. Near the bottom, a set of scanning coils has lens 
that focus the beam back and forth across the specimen. As the electron beam hits each spot on the 
specimen, secondary electrons are knocked loose from the specimen surface. An electron detector 
counts these electrons and reflects the signals back to an amplifier. The final image is built up from 
the number of electrons emitted from each spot on the test specimen (Castle et al. 1997). 
 
 
2.9.4.4 Brunauer–Emmett–Teller (BET) Theory 
 Brunauer–Emmett–Teller (BET) theory explains the physical adsorption of gas molecules 
on a solid surface.  It is an important analytical technique for the measurement of the specific 
surface area of a material. This theory is an extension of the Langmuir theory which basically 
describes monolayer molecular adsorption and multilayer adsorption with the following hypotheses 
(Satterfield et al. 1996):  
 gas molecules physically adsorb on a solid in layers infinitely 
 there is no interaction between each adsorption layer, and 
 the Langmuir theory can be applied to each layer. 
 
 
2.9.4.5 Thermogravimetric analysis (TGA) 
 Thermogravimetric analysis is used for material characterization. This is a technique which 
measures the change in mass of a material as a function of temperature.  This analysis is carried out 
primarily to determine the following: 
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 the composition of materials (whether it is organic or inorganic) 
 to predict their thermal stability at high temperatures. 
 
A plot of mass change versus temperature, called a thermogravimetric (TG) curve, is plotted which 
helps in determining the extent of purity of analytical samples and the mode of their 
transformations within the specified temperature range (Satterfield et al. 1996). 
 
 
Instrumentation 
 A Thermogravimetric analyzer uses a thermobalance, which consists of the following 
components: a) balance b) furnace c) programmer unit for temperature measurement and control 
and d) recording unit for mass and temperature changes. 
 
 
Fig. 2.8: Schematic of a thermobalance equipment (Satterfield et al. 1996). 
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Summary  
 
It can be concluded from the literature review that the concept of microwave photochemistry 
already has become an important topic in wastewater treatment. However, microwave 
photochemistry has not reached a degree of maturity. Some obstacles have been overcome with 
time, but the effect of microwave radiation on photochemical reactions is still in the developmental 
stage. TiO2 plays a important role in photocatalytic reactions and its catalytic activity depends on its 
properties such as surface area, particle size, pore size and pore volume. In this research two 
different methods will be used to synthesize TiO2 catalysts and will be compared. The combined 
effect of MW-UV irradiation and TiO2 on a high concentration of phenol will be investigated in this 
study. Previous studies have shown that the metal electrodes in conventional UV lamps were easily 
damaged under microwave irradiation. Hence, a microwave electrodeless lamp, which comprises an 
envelope or bulb containing a plasma-forming medium, was substituted for a conventional lamp as 
the light source for UV energy.  
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CHAPTER 3  
 DIELECTRIC PROPERTIES OF PHENOL-WATER MIXTURES AT MICROWAVE 
FREQUENCIES FROM 1 TO 5 GHz 
 
 
This chapter addresses the first research objective, and covers the experimental set-up and 
the procedure adopted to determine the permittivity of phenol-water mixtures. Dielectric properties 
were measured using a HP 8510 Vector Network Analyzer and a coaxial probe reflection method. 
In this study, the effects of frequency of microwave radiation, temperature and concentration on 
dielectric properties were determined. 
 
3.1 Abstract 
Phenol and its compounds constitute an important family of priority pollutants in aquatic 
environments. Phenol is a typical contaminant easily found in wastewaters coming from 
agricultural manufacturing activities, petroleum industries and oil refining industries. The 
contaminated water results in unpleasant taste and odors; are very toxic and have high oxygen 
demands and needs to be treated before using as potable drinking water by the remote and rural 
communities. Microwave treatment can provide an effective technology for the removal and 
degradation of phenol from wastewater. In this case dielectric properties information can be useful 
in designing a microwave applicator, to be used for the treatment of water containing phenol. 
Dielectric properties of phenol in water were measured using a HP 8510 Vector Network Analyzer 
and a coaxial probe reflection method. In this study the effect of frequency, concentration and 
temperature on dielectric properties was determined.   
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3.2 Introduction 
Phenol is one of the most common organic water pollutants and is of concern due to its 
toxicity at a low concentration. It can come to the environment from natural as well as 
anthropogenic sources. Disinfection and oxidation processes for phenol can lead further to form 
more harmful substituted compounds. Phenol is a compound of interest in environmental research 
because it is the most ubiquitous contaminant in wastewaters from several industrial activities. For 
example, the agri-food, pharmaceutical, chemical, and petrochemical industries (Gimeno et al. 
2007), oil refineries, paper mills, olive oil mills, wood processing, coal gasification, and textile and, 
resin manufacturing discharge (Ahmaruzzaman et al. 2005) phenols in much higher concentrations 
than the toxic levels set for this compound. Use of microwave irradiation rather than conventional 
heating has improved product selectivity as well as accelerated reaction rates (Buffler et al. 1993; 
Zhang et al. 2001, 2003). Each material has a unique dielectric spectrum in the microwave 
frequency range because of its particular structure and dissimilar response to an external field.  
The dielectric property, the ability to convert electromagnetic energy into thermal energy, 
can be described using complex permittivity, ε. The real part, ε', shows the ability of a material to 
store charge, and ε'', the imaginary part, characterizes the heat related to electromagnetic losses in 
the material (Polaert et al. 2005). Dielectric properties depend on the composition and, density of a 
material, temperature and frequency. 
 Accurate dielectric measurements play an important role in many engineering applications 
such as microwave and microwave-assisted systems for environmental applications including the 
treatment of wastewater pollutants. Knowledge of dielectric properties is important to understand 
the interaction between a phenol-water mixture and an electromagnetic field. The behaviour of 
phenol-water samples with frequency and temperature should be helpful in dielectric heating 
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applications and in developing a dielectric-property-based microwave applicator for treatment of 
phenol-water mixtures.  
To design a combined microwave-photocatalytic treatment system for phenol in water, it 
was deemed necessary to understand the response of phenol-water mixtures to microwave radiation. 
Penetration depths calculated in this chapter were used in designing the reactor, e.g. height, 
thickness, described in the next chapter such; that it would allow proper penetration of microwaves 
through the wall of the sample holder and the phenol-water samples at a microwave frequency of 
2.45 GHz. In this study, a HP 8510 Network Analyzer and the coaxial probe reflection method was 
used to measure the dielectric properties of phenol-water mixtures. Over three decades, the open 
ended coaxial probe technique with an automated vector network analyzer has been applied to 
liquids, colloids and suspensions because of reported advantages over the transmission line method 
(Bao et al. 1994).  
 
3.3 Experimental Method 
 
3.3.1 Sample preparation 
The samples were prepared with commercially available phenol (analytical grade) and Milli-
Q water. A stock solution of phenol (2500 ppm) was prepared. Milli-Q water was added for making 
the samples of desired concentration for experimental analysis. The actual concentration of phenol 
in wastewater from various industries varies from 0.1 to 6800 ppm; a concentration higher than 
1450 ppm is lethal to microorganism. Keeping this in mind, the samples were prepared with 
concentrations of 1000, 1500 and 2000 ppm. 
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3.3.2 Measurement Setup 
A high performance microwave vector network analyzer (VNA) system (Figure. 3.1) having 
a frequency range of 0.045 to 26.5 GHz was used for permittivity measurement with a coaxial 
probe. One side of the coaxial transmission line was connected to an HP 8515A S-Parameter Test 
Set and the other end was inserted into the sample solution. Figure 3.2 shows a block diagram of the 
network analyzer configuration which consisted of a HP 8510B network analyzer, a HP 8341B 
microwave signal source and a HP 8515A S-Parameter test set. All the units in the system were 
controlled by the commands issued through the HP 8510B network analyzer. The HP 8510B 
dielectric probe kit consisting of the probe, related software and calibration standard was used for 
the coaxial probe measurements. The control software (Agilent Tech V: 85070D) was modified in 
the attached computer for measuring the dielectric property values. Microwave signals are 
transmitted by the VNA to the coaxial probe and this conveys these signals to the sample from 
where a reflected part of the signal is returned back to the network analyzer from which the values 
for dielectric properties were obtained. The magnitude of the reflected signals depends upon the 
dielectric properties of the material under test.  Based on the microwave signals transmitted to and 
received from the material under test, the vector network analyzer measures the reflection 
coefficients at the surface of the probe and test material. Then the reflection coefficients are sent to 
the work station where it is converted into the ε'' of the material under test. (Mishra et al. 2006 a,b, 
2007; J.Z. Bao et al. 1994). 
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Fig. 3.1: Permittivity measurement setup showing the HP 8510 system with coaxial probe. 
           
 
Fig. 3.2: Schematic of a HP 8510 Vector Network Analyzer and measurement system. 
 
3.3.3 Dielectric measurement 
The HP 8510 measurement system was used to measure the dielectric constant (ε') and loss 
factor (ε'') in the laboratory because of its availability and accuracy in measuring dielectric 
properties over a wide range of frequencies. To eliminate any systematic errors, calibration was 
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Waterbath 
Sample Holder 
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performed each time before taking readings by measuring the properties of three known standards, 
open by exposing the coaxial probe open end to the air, a short block and distilled water at room 
temperature. The solutions of known dielectric properties were measured following the user manual 
in the software; in this case the reference material used was “methanol”, (National Physical 
Laboratory Report MAT 23. Jan, 2012). All the dielectric constant values were within ±5% error 
and loss factor values were within ±10% error at 25°C and 40°C for methanol as shown in the 
appendix.  
The frequency range was tuned in the system from 1-5 GHz and the work station was used 
for the measurement of the dielectric values. Samples of the phenol-water mixtures (each of 5 mL) 
prepared in triplicate with concentrations of 1000, 1500 and 2000 ppm were used for the dielectric 
measurements at two temperatures, 25°C and 40°C. The lower temperature of 25°C was chosen 
because of its proximity to room temperature. During treatment in the microwave, the temperature 
will rise, and therefore a temperature of 40°C also was used. A refrigerated circulating temperature 
bath was used to maintain the temperature at the desired level and measurement of sample 
temperature was done at regular intervals using an external thermocouple and sensors (FISO Tech 
Ltd.).  
Dielectric constants and loss factor values were measured in triplicate for each sample and 
average values were calculated. The other parameters, including loss tangent or dissipation factor 
(tanδ), power factor (Pf) and the penetration depth (dp) were calculated. In this experiment, the 
effect of concentration on dielectric properties at 25°C for all three concentrations, as well as the 
effect of temperature at 40°C for 1500 ppm were studied (Venkatesh et al. 2004, 2005; Mishra et al. 
2006a, b). 
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3.4 Results 
The dielectric properties of water-phenol mixtures including ε' and ε'', were measured with 
the method described above and tanδ, Pf and dp were calculated as described below. The effects of 
concentration, temperature and frequency on the dielectric properties of the mixtures are presented 
below. The mathematical expression for the complex permittivity (ε) of a material is, ε = ε' – j ε'', 
where j =   . Tanδ is the ratio, ε''/ ε'. Materials with higher ε'' values indicate faster microwave 
energy absorption rates. Power factor is a function of the loss tangent and is defined as    
             . Penetration depth is defined as the depth in the sample where the power density 
of microwave radiation is reduced to 1/e or 36.8% of its initial value at the surface. It is a function 
of the relative dielectric constant and the relative loss factor (Meda et al. 2005). Having the 
dielectric constant and the loss factor, the power penetration depth can be calculated by the 
following relationship (Buffler et al. 1993) 
 
                                        
 
               
   
   
 
 
    
   
                                            
 
where dp is the penetration depth (m) and c is the speed of light (3×108 ms-1) in a vacuum. 
 
3.4.1 DIELECTRIC CONSTANT (ε') 
 
3.4.1.1 Effect of concentration 
Three concentrations, 1000, 1500 and 2000 ppm, of the phenol-water mixture were used to 
measure the dielectric constant at a constant temperature of 25°C to see how the relative dielectric 
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constant changed with concentration. It was found that the value ranged from 77.6 ± 0.8 to 68.9 ± 
0.6 at 1000 ppm, 75.9 ± 1.0 to 66.9 ± 1.1 at 1500 ppm, and 73.2 ± 1.0 to 66.5 ± 1.2 at 2000 ppm 
over the frequency range of 1-5 GHz (Figure 3.3).  
 
 
Fig. 3.3: Variation of the dielectric constant with frequency and concentration of phenol-water  
mixture. Error bars represent one standard deviation and may not be visible in some cases 
due to small values. 
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3.4.1.2 Effect of temperature 
The relative dielectric constant of the phenol-water mixture at a concentration of 1500 ppm 
was measured at two temperatures, 25°C and 40°C, over the frequency range of 1-5 GHz. The 
values varied from 75.9 ± 1.0 to 66.9 ± 1.1 at 25°C and 70.8 ± 1.0 to 63.9 ± 0.7 at 40°C (Figure 
3.4).  
 
Fig. 3.4: Variation of the dielectric constant with frequency and temperature of phenol-water  
mixture. Error bars represent one standard deviation and may not be visible in some cases 
due to small values. 
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3.4.2 LOSS FACTOR (ε'')  
 
3.4.2.1 Effect of concentration 
Loss factor showed an increasing trend with frequency. Experimental results showed that 
the three concentrations had almost the same loss factor over the frequency range of 1-5 GHz, and 
that the relative loss factor increased as frequency increased for all three concentrations. For the 
1000 ppm concentration, the value increased from 4.9 ± 1.0 to 17.1 ± 1.2, for 1500 ppm from 4.8 ± 
1.1 to 16.6 ± 2.7, and for 2000 ppm the relative loss factor increased from 4.3 ± 0.4 to 16.1 ± 1.2 
(Figure 3.5).    
 
Fig. 3.5: Variation of the loss factor with frequency and concentration of phenol-water mixture.   
bars represent one standard deviation and may not be visible in some cases due to small 
values. 
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 3.4.2.2 Effect of temperature 
 
The loss factor of the phenol-water mixture at 1500 ppm concentration was measured at 
25°C and 40°C, and decreased with an increase in temperature at a particular frequency. It was 
found that the value ranged from 4.8 ± 1.1 to 16.6 ± 2.7 at 25 °C, and from 4.9 ± 1.6 to 11.0 ± 1.0 at 
40
◦
C over the frequency range of 1-5 GHz (Figure 3.6).  
 
Fig. 3.6: Variation of the loss factor with frequency and temperature of phenol-water mixture.   
Error bars represent one standard deviation and may not be visible in some cases due to 
small values.  
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3.4.3 LOSS TANGENT (tan δ) 
 
3.4.3.1 Effect of concentration 
The loss tangent values increased steadily with frequency over the range of 1-5 GHz. The 
trend showed that concentrations did not have much effect on the loss tangent over the frequency 
range tested and the values ranged from 0.06 to 0.2 for 1000 ppm, 1500 ppm and 2000 ppm over 
the frequency range of 1-5 GHz, with a maximum standard deviation of ± 0.04 (Figure 3.7).  
 
Fig. 3.7: Variation of the loss tangent with different frequency and concentration of phenol-water  
mixture. Error bars represent one standard deviation and may not be visible in some cases 
due to small values. 
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3.4.3.2 Effect of temperature 
Loss tangent values for a phenol-water mixture of 1500 ppm concentrations were measured 
at 25°C and 40°C. The values were lower at higher temperatures at a particular frequency. 
Calculated values ranged from 0.06 to 0.2 at 25°C, and from 0.06 to 0.1 at 40°C, with a maximun 
standard deviation of ± 0.02. At a frequency of 1 GHz, values were the same at 25°C  and 40°C and 
values were lower at 40°C at 2 GHz or higher (Figure 3.8).  
 
Fig. 3.8: Variation of the loss tangent with different frequency and temperature o of phenol-water  
mixture. Error bars represent one standard deviation and may not be visible in some cases 
due to small values. 
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3.4.4 POWER FACTOR (Pf) 
 
3.4.4.1 Effect of concentration 
Power factor values exhibited a similar trend as did loss tangent, increasing steadily with 
frequency over the range of 1-5GHz, values ranged from 0.03 to 0.1 for the three concentrations 
(1000, 1500, and 2000 ppm) over the frequency range, with a small standard deviation (Figure 3.9).   
 
Fig. 3.9: Variation of the power factor with frequency and concentration of phenol-water mixture.  
Error bars represent one standard deviation and may not be visible in some cases due to 
small values.  
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3.4.4.2 Effect of temperature 
 
Power factor values for the phenol-water mixture were calculated for a concentration of 
1500 ppm at 25°C  and 40°C. Values ranged from 0.03 to 0.1 at 25°C, and from 0.03 to 0.08 at 
40°C over the frequency range of 1-5 GHz. At 1 GHz the values were the same for 25°C  and 40°C, 
but values were lower at 40°C at 2 GHz or higher (Figure 3.10).  
 
Fig. 3.10: Variation of the power factor with frequency and temperature of phenol-water mixture.  
Error bars represent one standard deviation and may not be visible in some cases due to 
small values. 
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3.5.5 PENETRATION DEPTH (dp) 
 
3.5.5.1 Effect of concentration 
Penetration depth for the three concentrations (1000, 1500 and 2000 ppm) were calculated 
using equation 3.1 and the results showed that it decreased sharply over the frequency range of  1-2 
GHz, and then steadily decreased with an increase in frequency to 5 GHz. It was found that the 
value ranged from 8.7 ± 1.8 to 0.4 ± 0.03 for 1000 ppm, 8.1 ± 0.8 to 0.5 ± 0.01 for 1500 ppm, and 
10.1 ± 0.07 to 0.4 ± 0.04 for 2000 ppm. For a concentration of 2000 ppm, the value for the 
penetration depth at 1 GHz was higher than for the other two concentrations (Figure 3.11).         
 
Fig. 3.11: Variation of the penetration depth with frequency and concentration of phenol-water  
mixture. Error bars represent one standard deviation and may not be visible in some 
cases due to small values.  
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3.5.5.2 Effect of temperature 
 
To examine the effect of temperature (25°C and 40°C) on penetration depth, values were 
calculated for a concentration of 1500 ppm using equation 3.1. It was found that values ranged from 
8.1 ± 0.8 to 0.45 ± 0.01 at 25°C, and from 8.9 ± 3.1 to 0.7 ± 0.06 at 40°C. It can be seen in (Figure 
3.12) that penetration depth decreased sharply over the frequency range of 1-2 GHz, and then 
decreased steadily until 5 GHz. At the 40°C, penetration depth had a higher or similar value at 
25°C.  
 
Fig. 3.12: Variation of the penetration depth with frequency and temperature of phenol-water 
mixture. Error bars represent one standard deviation and may not be visible in some 
cases due to small values. 
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3.5 Discussion 
The experimental results show the variation in dielectric constant, loss factor, loss tangent, 
power factor and penetration depth as a function of frequency, concentration and temperature for 
phenol-water mixtures. It was observed that frequency and concentration had significant effects on 
the dielectric properties of phenol-water mixtures.  
The dielectric constant decreased as the concentration of the sample increased for a particular 
frequency. With an increase in frequency, there was a decrease in the value of the dielectric 
constant as the temperature increased at a particular frequency, because a higher temperature results 
in randomized agitation and Brownian movement of the molecules in the sample (Bottcher et al. 
1973). Concentration did not have a significant effect on the loss factor over the frequency range 
tested. At higher temperatures, the loss factor decreased at frequencies of 2 GHz or higher.  Mishra 
et al. (2009) reported similar results for naphthenic acid in water, in that for a particular frequency 
the dielectric constant and the loss factor decreased as the concentration of the sample or the 
temperature increased. Nia et al. (2010) measured the dielectric constants of water, methanol, 
ethanol, butanol and acetone, and observed that the dielectric constant of these fluids increased with 
a decrease in temperature.  
Concentration had little effect on the value of the loss tangent or the loss factor at a 
particular frequency. Concentration had no effect on the power factor over the frequency range 
tested. At lower frequencies, temperature had no significant effect on the power factor, but at a 
frequency of 2 GHz or higher there was a decrease in the value of the power factor with an increase 
in temperature. At a particular frequency, concentration did not affect penetration depth. Penetration 
depth was greater at 40°C than at 25°C. The temperature and concentration dependence of the 
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dielectric parameters of a phenol-water mixture is quite complex, perhaps because of the nature of 
the molecular structure of phenol and its hydrogen bonding with water molecules.  
 
3.6 Sample Holder Design 
In this research, two types of systems, microwave and microwave-UV, were designed. The 
details are provided in Chapter 4. The sample holder was designed according to the penetration 
depths calculated in this chapter. The penetration depth of microwaves at 2.45 GHz was determined 
to be 2.91 cm for a 1500 ppm phenol-water mixture at 40 °C, and accordingly the dimensions of the 
sample holder were set to allow proper penetration of microwaves through the wall (height = 5.24 
cm, external diameter = 3.91 cm, thickness = 0.5 cm) of the sample holder and the phenol-water 
samples. A photographic view of the sample holder is shown in Figure 3.13 and schematic in Figure 
3.14. Two holes were made in the side wall of the sample holder to allow passage of phenol-water 
mixture to the water bath to maintain the temperature.  
 
 
Fig 3.13: Photographic view of sample holder.  
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Fig. 3.14: Schematic of sample holder used in microwave treatment system. 
 
3.7 Conclusions 
Dielectric properties are fundamental and essential to the understanding, designing and 
modeling of microwave based applications. This has been the first reported study on measurement 
of the dielectric properties of phenol-water mixtures over a range of frequencies and at different 
temperatures. The frequency of most practical interest is 2.45 GHz and from the aforementioned 
results, it can be concluded that at this particular frequency, the dielectric properties (dielectric 
constant, dielectric loss factor) of phenol-water mixtures are appropriate for the design of a 
microwave-based treatment system. The data obtained in this study will inform the design of the 
microwave reactor employed in Chapter 4 and, potentially, commercial-scale systems. 
 
 
Sample in 
Sample out 
REACTOR Height = 15.24 
cm 
Diameter= 3.91cm 
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CHAPTER 4 
DEGRADATION OF PHENOL WITH A MICROWAVE-UV IRRADIATION 
TREATMENT SYSTEM USING NANO-TiO2 
 
In this chapter, the synthesis and characterization of titanium dioxide (TiO2) nanoparticles by two 
different methods are discussed and their catalytic activity with microwave and combined 
microwave-UV irradiation systems was studied. 
 
4.1 Abstract 
 
TiO2 nanoparticles with anatase structure were synthesized by hydrothermal and sol-gel 
methods using titanium tetra isopropoxide as a precursor. The particle size of hydrothermal 
synthesized catalyst was 16 nm and sol-gel synthesized catalyst was 20 nm after calcination at 
500°C. Characterization of the synthesized catalysts was done on the basis of their crystallinity, 
crystallite size, and structural properties. X-ray diffraction (XRD) was used to calculate crystallite 
size. Scanning electron micrograph (SEM) technique was employed to determine the grain size. 
Two types of reactors, MW and MW-UV, were developed and catalytic activity of both the catalyst 
and efficiency of systems were studied. It was found that the MW-UV system with TiO2 prepared 
with hydrothermal method was the most effective method to treat phenol-water solution.  
 
4.2 Introduction 
 Oxide nanoparticles synthesized by several methods have gained importance because of 
their good electrical, optical and magnetic properties that are different from their bulk counterparts 
(Chen et al. 2007). Titanium dioxide (TiO2) is a white, solid, inorganic substance that is thermally 
stable, non- flammable and not classified as hazardous material (Hsien et al. 2000). It is an 
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exceptionally important material with a vast range of applications in industrial and consumer goods 
including paints, adhesives, photocatalysis, ceramic materials, fillers, paper and paperboard, 
coatings, pigments, crayons, UV protection in sunscreens, cosmetics and pharmaceuticals, floor 
coverings, roofing materials, catalyst systems, food colorants, automotive products and water 
treatment agents. It has generated attraction in both fundamental research and practical development 
work (Porkodi et al. 2007). Among the various semiconductor materials, TiO2 is the most widely 
used photocatalyst due to its non-toxicity, high activity, high stability, and low cost. It can generate 
highly reactive oxygen species such as O
2−
 and HO
•
, responsible for the oxidation of a wide variety 
of aliphatic and aromatic hydrocarbons (Granados & Paez-Mozo et al. 2005). TiO2 exists in three 
forms and the band gap changes with a change in the phase from anatase (3.2 eV) to rutile (3.02 eV) 
to brookite (2.96 eV). Photocatalytic activity in the photodecomposition of organic pollutants of 
anatase is because of its large band gap (Patsoura et al. 2007: Bahnemann et al. 2007). 
Nanosized TiO2 has received much interest for applications such as optical devices and sensors, 
and photocatalysis has been used for environmental decontamination of a variety of organic 
compounds (Huang et al. 2007). The photocatalytic activity of titanium nanoparticles varies 
depending on its crystallinity, particle size, crystal phase, surface area, method of preparation, 
porosity, and shape and size distribution of pores (Chen et al. 2007: Thompson et al. 2006). It is 
known that the anatase form with small particle size and high crystallinity is required to obtain 
highly active titanium photocatalysts. Chhabra et al. (1995) has shown that only anatase TiO2 
particles act as a photocatalyst for the photodegradation of phenol, and that the rutile form is totally 
inactive for this reaction. The increase in surface area with a reduction in particle size means an 
increase in the number of active sites on which the electron acceptor and donor are adsorbed and 
participate in the redox reaction (Hoffmann et al. 1995).  Photocatalytic oxidation reactions are 
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initiated when a photon of higher energy level or equal to the band gap energy is absorbed by a 
TiO2 catalyst promoting an electron transfer (e‾) from the valence band to the conduction band with 
simultaneous generation of a positive hole (h+ ) in the valence band (Mishra et al., 2009). The 
mechanism of radical generation (
•
OH and 
•
O2¯) is presented as follows (Allen et al. 2008):  
 
TiO2+hν→TiO2 (e‾+h
+
)         (4.1) 
H2O+TiO2 (h+) → TiO2+
•
OH+H
+
       (4.2) 
O2+TiO2 (e‾) → TiO2+
•
O2¯         (4.3) 
 
In the present work, TiO2 nanoparticles were synthesized via hydrothermal and sol-gel methods 
because these methods are quite simple as compared to other methods such as dip-coating and 
refractive sputtering. Processing using these methods provides excellent chemical homogeneity and 
the possibility of deriving unique metastable structures. It involves the formation of a metal-oxo-
polymer network from molecular precursors like metal alkoxides or metal salts. For example, the 
metal alkoxides may be hydrolyzed (eq. 4.4) and polycondensed (eq. 4.5 and 4.6) to form a metal 
oxide gel as follows: 
 
M-OR + H2O              M-OH + ROH      (4.4) 
M-OH + M-OR           M-O-M + ROH      (4.5)  
M-OH + M-OH           M-O-M + H2O  (4.6) 
 
where M is Si, Ti, Zr, Al, etc. and R is an alkyl group. The structure and properties of the resulting 
metal oxides are strongly influenced by relative rates of hydrolysis and polycondensation (Hafizah 
et al. 2009). 
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Characterization of the prepared catalyst has been done on the basis of their crystallinity, 
crystallite size, and structural properties. X-ray diffraction (XRD) was used to calculate crystallite 
size. Scanning electron micrograph (SEM) technique was used to determine the grain size. 
Efficiency for degradation of phenol using two prepared catalysts with the two developed systems 
(microwave and microwave assisted UV treatment) was studied.  
Microwave energy has widely been applied in domestic, industrial and medical fields during 
the past two decades. It has been found that microwave irradiation not only can excite an electrode 
less discharge lamp (MWL) to generate ultraviolet (UV) radiation which can excite TiO2 for 
photocatalysis, but also could significantly improve the photocatalytic activity of TiO2 for removing 
pollutants (Gao et al. 2007). 
Using microwave irradiation rather than conventional heating has improved  product selectivity and 
accelerated reaction rates (Zhang et al. 2001, 2003). It has been found that in the presence of 
microwave irradiation the photocatalytic efficiency of TiO2 to remove pollutants was increased 
significantly (Horikoshi et al. 2004). The betterment of photocatalytic activity was because of the 
polarization effect of the highly defected catalysts in a microwave field, which increased transition 
probability of photon-generated electrons and decreased the electron–hole recombination on 
semiconductor surface (Zhihui et al. 2005). Horikoshi et al. (2004) illustrated that the synergistic 
effect of UV and microwave radiation in the presence of TiO2 was superior for the degradation of 
rhodamine-B dye to TiO2 photocatalytic degradation alone with UV radiation.  
The objective in this chapter was to synthesize and characterise TiO2 via two different methods 
(hydrothermal method and sol-gel method) and compare the photocatalytic activity of the prepared 
catalysts under two developed treatment systems, microwave only and microwave assisted UV 
irradiation combined with AOPs for the degradation of phenol.  
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4.3Materials and Methods 
4.3.1 Chemicals 
Analytical grade reagents were used in the synthesis without further purification. Titanium 
(IV) isopropoxide (Ti [OC3H7]4 TTIP) and anhydrous ethanol were purchased from Alfa Aesar. 
Phenol was obtained from Sigma Chemical Co. (St. Louis, MO, USA) and a stock solution of 2000 
ppm phenol in water was prepared. All solutions were prepared using Milli-Q water from an 
EASY-pure ultrapure water system.   
 
4.3.2 Synthesis of TiO2 by the sol-gel route- 
 TiO2 nanoparticles were synthesized by hydrolyzing titanium tetra isopropoxide in a 
mixture of anhydrous ethanol and water as shown in Figure 4.1. Two solutions were made: A, TTIP 
mixed with anhydrous ethanol and B, water mixed with ethanol. Solution A was added dropwise to 
solution B with constant and vigorous stirring for 2 h. Hydrolysis and condensation were conducted 
at room temperature and underwent aging for 12 h. The gel was dried in an oven at 80°C for 4h; it 
was then crushed into a fine powders with a mortar and pestle and then calcined at 500°C (Kavitha 
et al. 2013). 
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Fig. 4.1: Schematic diagram for the synthesis of TiO2 powder by a sol-gel method. 
 
4.3.3 Synthesis of TiO2 by the hydrothermal method-  
A schematic diagram for the synthesis of TiO2 powder by the hydrothermal method is 
shown in Figure 4.2. After 2 h stirring, the solution was transferred in to a Teflon bottle and placed 
in an oven at 80°C for 24 h. The resulting solution was filtered and dried at 120°C for 24 h, then 
crushed into  a fine powder with a mortar and pestle and calcined at 500°C for 4 h to produce TiO2 
powder (Kavitha et al. 2013).  
 
 
 
A, (Ti[OC3H7]4) + Ethanol B, Water + Ethanol 
Calcined at 500°C for 4 h 
White precipitated sol 
 
Aging for 12 h 
Dried at 80°C for 4 h 
TiO2 powder 
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Fig. 4.2: Schematic diagram for the synthesis of TiO2 powder by a hydrothermal method.  
 
4.3.4 Catalyst Characterization Methods 
 
 4.3.4.1 X-ray diffraction (XRD) analysis 
Phase analysis of calcined TiO2 powder was carried out on a Bruker D8 Advance X-ray 
diffractometer using Cu Kα radiation, which works on the Bragg-Bentano principle. The specimen 
was mounted in the center of the diffractometer and rotated by angle (θ) (Badoga et al. 2012).  
 
4.3.4.2 Measurement of N2 adsorption–desorption isotherms 
The BET surface area and pore size distribution of the prepared catalyst via two different 
methods were measured with a Micromeritics ASAP 2000 instrument using low temperature N2 
adsorption-desorption isotherms. The sample was degassed in vacuum at 200°C before 
A, (Ti[OC3H7]4) + Ethanol B, Water + Ethanol 
White precipitated sol 
 
Kept in Teflon bottle at 
80°Cfor 24 h 
Dried at 120°C for 24 h 
Calcined at 500°C for 4 h 
TiO2 powder 
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measurement. The surface area was computed using the multi-point Brunauer-Emmett-Teller (BET) 
method from isotherms. The BJH method was used to determine pore diameter and pore volume 
(Badoga et al. 2012).  
 
4.3.4.3 Fourier transform infrared spectroscopy (FTIR) 
Fourier transform infrared (FTIR) spectra of the samples were obtained in the spectral range 
of 4000-400 cm
-1
 at a resolution of 4 cm
-1 
(Perkin-Elmer Spectrum GX). KBr pellet technique was 
used to obtain infrared spectra of the prepared catalysts via two different methods, hydrothermal 
and sol-gel at room temperature (Badoga et al. 2012). 
 
4.3.4.4 Scanning electron microscopy (SEM) 
Morphological analysis was carried out using a field-emission scanning electron microscope 
(JSM – 6010L V) operating at 20 keV.  
 
4.3.4.5 Thermogravimetric analysis (TGA) 
 The thermal stability of the oxides was studied by thermogravimetric analysis (TA 
Instruments model STQ6000). TGA analysis was recorded on instrument in nitrogen with a heating 
rate of 10°C/min (Muneer et al. 2012).  
 
4.3.5 Experimental setup for the MW-UV treatment system  
Microwave experiments were performed using a household microwave (NNS615W, 1200 
W, 2.45 GHz, Panasonic Canada Inc., Mississauga, ON) which was modified to accommodate the 
reaction chamber/ sample holder and tubing made of Teflon (Figure 3.14). The sample holder was 
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designed and fabricated in the Engineering Shops of the University of Saskatchewan, (Saskatoon, 
SK). A schematic of the experimental set up is shown in Figure 4.4 and a photographic view is 
presented in Figure 4.5.  
 
 
Fig. 4.3: Schematic of combined microwave-UV treatment system 
 
 
Fig. 4.4: Photograph of the experimental setup  
 
 
 
 
Microwave Oven 
Cooling water bath 
MWL 
Sample 
Reactor 
Thermometer 
Modified Microwave  
Water Bath 
Peristaltic Pump 
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To make a combined it microwave-UV treatment system, a microwave electrode-less lamp 
(λmax = 254 nm, power intensity 8W) placed centrally inside the reaction chamber was used as the 
source of ultraviolet rays (Figure 4.6).  
 
 
Fig. 4.5: Photograph of the microwave electrodeless lamp inside the reactor  
 
This lamp was custom built and produced by Primarc UV Tech. (Easton, PA). Details on the 
working principle of this lamp are available in the literature (Klan et al. 2002). Microwave is 
absorbed by the electrodeless lamp which in turn emits the necessary UV rays for photocatalysis. 
An electrodeless lamp was used in this system because an electrode UV lamp in a microwave oven 
is not only difficult, but also unsafe because the lamp can be damaged by the electric discharge 
between the microwave oven and the metallic part of the lamp (Horikoshi et al. 2004). The 
turntable glass plate in the microwave oven was removed to stop rotation of the reactor and to avoid 
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damage to the reactor and mercury lamp. A round teflon plate was designed with the same 
circumference for the mercury lamp to stand vertically. Two holes were made at the top of the 
microwave, one was to take samples and the other was to insert the temperature sensor. Two holes 
were made in the side wall of microwave as well, the lower one was to get the sample out to the 
water bath and the upper one was for sample to come in again to the reactor after cooling. In this 
system, a 300 mL sample of 1500 ppm was mixed with 1 g of TiO2 at 40°C with a flow rate of 400 
mL/min for 120 min. no attempt was made to maintain the pH of the phenol-water solution of its 
initial value. The degradation of phenol in the presence of catalyst was studied.  
A peristaltic pump was used to circulate the phenol-water mixture from the reaction 
chamber through a cooling coil. In this way the temperature of the sample could be maintained at 
40°C. This also allowed the mixture to have sufficient residence time to stay inside the reaction 
chamber for maximum possible exposure to microwave radiation. The dosage of TiO2 was as 
explained in the methodology flow chart. Samples were collected at 20 min or 120 min. 
Experiments were replicated three times at each level.  
 
4.3.5.1 Estimation of Microwave Power 
Microwave power was estimated using the following equation (4.7) and proposed by Cha et 
al (1999), 
 
                                            P= Cm ∆T/t                                (4.7) 
 
where P = absorbed power of the microwave (W), m = mass of water (g), c = heat capacity of water 
(4.184 J/g C), ∆T = temperature rise (C) and t = irradiation time (s). 
In this method, 20 mL of water was taken in a microwave safe container, stirred for about 
10 seconds and then the temperature was measured and recorded. The container was placed on 
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center inside the microwave and heated from 10-60 s with an interval of 10 s at full power. After 
this, the container was immediately removed and the water was stirred for 10 s and the temperature 
was measured and recorded. The temperature of the water during experiments was measured with a 
temperature a sensor immediately after stopping microwave irradiation. 
 
4.3.6 Analytical methods 
Samples were taken with a 10 mL syringe from the reactor at different pre-determined 
reaction times. The collected photocatalysis samples were first filtered through a 20 µm nylon filter 
to remove the TiO2 particles prior to chemical analysis. All the samples were analyzed immediately 
to avoid any further reaction. The concentration of phenol was quantified by HPLC. A 20 µL 
sample was injected into the D-7000 HPLC system (Hitachi, Japan) equipped with a C18 column 
(Hypersil, China. 250×4.6 mm), which consisted of a L-7100 pump and a L-7420 UV-VIS detector. 
A 60% (v/v) aqueous acetonitrile solution and 40% water was used as the mobile phase; its flow 
rate was fixed at 1 mL/min. The wavelength employed for detecting phenol was 254 nm. 
 
4.3.7 Experimental methodology 
The phenol-water solution was (1500 ppm) prepared by dissolving pure phenol in Milli - Q 
water andstored in amber-coloured bottles. A total of 300 mL of the phenol-water solution was 
added to a batch reactor with the catalyst concentration as explained in the experimental 
methodology flow chart (Figure 4.7).  
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Fig. 4.6: Flow chart of the methods followed in experiments using the initial concentration 1500  
ppm of ohenol for 120 min with 1 g of catalyst prepared with hydrothermal and sol-gel 
methods. 
 
The mixture of phenol-water and catalyst was homogenized with a magnetic stirrer before 
placeing in the sample holder inside the microwave. The solution was circulated at 400 mL/min 
with a pump, and the temperature of phenol-water solution in the reactor vessel was kept constant at 
40°C. 
 
 
Development of Combined Microwave-Ultraviolet Reactor for Degradation of Phenol 
 
Development of MW-UV reactor using microwave oven (1200W, 2450MHz) 
Degradation study on phenol using the MW-UV 
reactor 
Photolytic studies  Photocatalytic Studies 
MW MW-UV MW-TiO2 MW-UV-TiO2 
Initial Concentration - 1500ppm, Catalyst Dose (TiO2 (HT) and TiO2 (SG) – 1 g, 
Contact time- 120  min 
 
Degradation of Phenol 
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4.3 Results and Discussion  
 
 
4.4.1 Characterization of the TiO2 nanoparticles 
 
 
 X-ray diffraction (XRD) 
  The structure and the crystallite size of the prepared samples were examined by high angle 
X-ray diffraction analysis. Figure 4.8 presents the XRD patterns of calcined TiO2 nanopowder 
prepared by two different methods and calcined at 500°C. This technique can also be used to obtain 
crystalline phases of the calcined catalysts (Badoga et al. 2012). The peaks obtained at various 2θ 
were identified by comparison with ICDD (International Centre for Diffraction Data) which 
confirmed that the particles were crystalline with an anatase structure (2θ = 25.4º). The absence of 
peaks at Bragg angles (2θ) of 27.5°, 39.3°, and 54.2° confirmed the absence of the rutile phase in 
the samples. The average crystallite size of TiO2 was estimated according to Scherrer's equation 
(4.8), 
D = Kλ /βCosθ                         (4.8) 
 
where K is the Scherer constant, λ the X-ray wavelength, β the peak width at half maximum, and θ 
is the Bragg diffraction angle.  
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Fig. 4.7: X-ray diffraction (XRD) patterns of TiO2 prepared by sol-gel (SG) and hydrothermal (HT)  
 methods 
 
 
 N2 adsorption – desorption isotherm 
Nitrogen sorption at 77 K using a Micromeritics ASAP 2020 instrument was used to measure 
the textural properties of the catalysts. The BET method was used for the determination of the 
surface area and pore volume of the samples using adsorption-desorption isotherms (Badoga et al. 
(2012). The pore diameter and pore size distribution of the catalysts were determined using the BJH 
method. The numerical data obtained are summarized in Table 4.1 which shows a lower surface 
area of catalyst prepared by the hydrothermal process than by the sol-gel method, 85 m
2
/g to 36 
m
2
/g. The average pore diameter of the catalyst prepared by the hydrothermal method was smaller 
than that of the sol-gel prepared catalyst 10.4 nm and 15.7 nm respectively. The pore volumes were 
similar 0.2 (cm
3
/g ) for bth catalysts.  
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Table 4.1: Summary of the properties of TiO2 nanoparticles calcinite at 500°C 
 
 
Properties                                            TiO2 (HT)                                                          TiO2 (SG) 
Surface area (m
2
/g)                                    85                                                                      36 
Avg. pore dia. (nm)                                   10                                                                       15  
Pore Volume (cm
3
/g)                                 0.2                                                                     0.1 
 
 
 Thermogravimetric analysis  (TGA) 
Figure 4.9 presents TGA curves for TiO2 prepared by sol-gel and hydrothermal methods. Data 
was recorded on a TGA instrument under nitrogen with a heating rate of 10°C/min. There was no 
weight loss after 400°C for TiO2 synthesized by the hydrothermal method or by the sol-gel method 
indicating that decomposition of the precursor was complete and could start as first calcinations 
temperature. Weight loss before 400°C was attributed to removal of residual ethanol and water. 
TiO2 anatase can be transferred to the rutile phase between 550 and 600°C (Porkodi et al. 2007). 
 
Fig. 4.8: TGA curves of TiO2 prepared by sol-gel (SG) and hydrothermal (HT) Methods 
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 Fourier transform infra red spectroscopy  (FTIR) 
 
The FT-IR spectra of TiO2 nanoparticles prepared with two different methods were analyzed 
and are presented in Figure 4.10. The spectra of the oxides TiO2 (SG) and TiO2 (HT), were collected 
in the frequency range of 4000-400 cm
-1
. In TiO2 prepared sample, between 3800 to 3300 cm
-1
 a 
broad band was observed which shows stretching of hydroxyl (O-H), representing moisture 
(Muneer et al. 2012). The other peaks at 1628 cm
-1
 were indicated to stretching of titanium 
carboxilate, which formed from TTIP and ethanol (Garcia-Serrano et al. 2009). A strong absorption 
peak was observed between 800 and 450 cm
-1
 which was assigned to the Ti-O stretching bands and 
attributed to form of TiO2 nanoparticles.  
 
Fig. 4.9: Fourier Transform Spectra of TiO2 prepared by sol-gel (SG) and hydrothermal (HT)  
 Methods  
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 Scanning electron microscopy (SEM) 
SEM is one method for the characterization of particle morphology and determination of the 
particle diameter. Micrographs of the calcined TiO2 nanoparticles prepared by the sol-gel and 
hydrothermal methods are shown in Figure 4.11 and 4.12 respectively. It can be seen from the 
morphologies of the TiO2 nanoparticles that the sol-gel sample showed more aggregation than di 
the hydrothermal sample. The shape of the particles prepared by both methods was observed to be 
sphere like morphology with different sizes of spheres. Particles from the hydrothermal method 
were more uniform and smaller in size as compared to the sol-gel method. 
 
 
Fig. 4.10: SEM image of TiO2 nanoparticles prepared by Sol-Gel method. 
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Fig. 4.11: SEM image of TiO2 nanoparticles prepared by hydrothermal method. 
 
4.4.2 Microwave output power calculation 
Microwave power was tested as described in section 4.2.5.1 and equation (4.7) was used to 
calculate the actual microwave power used. Propagation of microwave energy easily raises the 
water temperature. The change in water temperature during microwave irradiation is presented in 
Figure 4.13. The average power was calculated using equation (4.7) to be 836 Watts. 
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Fig. 4.12: Change in water temperature during microwave irradiation.  
 
4.4.3 Catalytic activity of synthesized TiO2 nanoparticles 
The catalytic activity TiO2 synthesized via two different methods was assessed by degrading 
a 1500 ppm phenol in water solution with two developed treatment systems; microwave and 
microwave-assisted UV, and compared with conventional heating. All experiments were conducted 
in triplicate. 
 
4.4.3.1 Dark adsorption 
In a typical dark adsorption experiment, a 300 mL sample containing 1500 ppm phenol in 
water was mixed with 1.0 g TiO2 (hydrothermal  or sol-gel) in a flask and covered with aluminum 
foil, and kept for 2 hours in a dark place. The initial pH of the phenol-water solution was not 
modified and adsorption phenol on TiO2 was assessed.  It was observed that initially phenol 
degradation not occurred in the dark process was none, which may be because of the stability of the 
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phenol molecule and the iso-electric point of TiO2. The iso-electric point of TiO2 is about 6.0; at pH 
> 6.0, the TiO2 surface is negatively charged and it is difficult for phenol to adsorb due to an 
electrostatic repulsive force (Chiou et al. 2008). 
 
4.4.3.2 Effect of microwave radiation on degradation of phenol 
The effect of microwave irradiation and catalyst prepared by two different methods on 
degradation of phenol in water was investigated with three processes: (1) MW without addition of 
catalyst (2) MW-TiO2 (HT) and (3) MW-TiO2 (SG). 
The initial phenol concentration was 1500 ppm; 300 mL the volume treated was with 1 g  of 
catalyst. The reaction time was 120 min. Figure 4.14 shows the decreases in phenol concentration 
with microwave irradiation with and without sol-gel and hydrothermal derived TiO2 nanoparticles. 
It was observed that microwave irradiation did not have much effect without an oxidant, as the 
decrease in phenol concentrationn was only 4.47%. Addtion of TiO2 increased the degradation to 
some extent, which might be due to adsorption of the phenolic pollutants on the surface of TiO2 
particles. Of the catalysts prepared via the two methods, the hydrothermal catalyst showed better 
catalytic acitivity than did the sol-gel method catalyst by decreasing the phenol concentration 
15.53% vs 12.33%. This can be attributed to the large catalyst surface area and smaller particle size 
of the catalyst prepared by the hydrothermal method. The decrease in phenol concentration 
indicated that a small quantity of phenol was adsorbed on the surfaces of the TiO2 particles. Wei  
and  Wan (1991) reported  the kinetics is negative  first  order  for photocatalytic  decomposition  of  
phenol, and  there is a remarkable effect of the initial concentration of phenol on the rate  constant. 
 
 71 
 
 
Fig. 4.13:  Decrease in phenol initial concentration (1500 ppm) as a function of microwave  
irradiation at 2.45 GHz with exposure time of 120 min obtained for sol-gel and 
hydrothermal derived TiO2 nanoparticles. Error bars represent one standard deviation 
and may not be visible in some cases due to small values. 
 
 
4.4.3.3 Effect of the microwave assisted photocatalytic system on degradation of phenol  
The effect of microwave radiation combined with UV irradiation on the degradation of 
phenol was investigated with three processes: (1) MW-UV without catalyst, (2) MW-UV-TiO2 
(HT) and (3) MW-UV-TiO2 (SG).  
The initial phenol concentration was 1500 ppm, the total volume was 300mL with 1 g of 
catalyst. The energy of MW radiation (E = 0.4-40 kJ mol
−1
 at υ = 1-100 GHz) considerably lower 
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than that of UV-VIS radiation (E= 600-170 kJ mol
−1
 at λ = 200-700 nm), so it can not break bonds 
of common organic molecules (Pavel et al., 2003).  
 
 
Fig. 4.14: Decrease in initial phenol concentration (1500ppm) as a function of microwave al 2.45 
GHz combined UV irradiation exposure time of 120 min obtained for sol-gel and 
hydrothermal derived TiO2 nanoparticles. Error bars represent one standard deviation and 
may not be visible in some cases due to small value. 
It was found that the microwave-assisted photolytic process exhibited effective 
decomposition of phenol, with degradation efficiencies of 20.46% for MW-UV-TiO2 (SG) and 
23.82% for MW-UV-TiO2 (HT) in 120 min, which indicated that the UV light generated by MWLs 
could destroy phenol. 
The result showed that the catalyst prepared by hydrothermal method had better catalytic 
activity than the catalyst prepared by the sol-gel method. Addition of TiO2 to the combined MW-
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UV treatment system resulted in a significant decrease in phenol concentration within 120 min 
whereas the decrease in phenol concentration with MW-UV only was 7.20%.  
On the basis of the above results, microwave-assisted photocalatytic degradation was more 
effective for the degradation of phenol than any other process studied, perhaps because of direct 
breaking of  bond in phenol by UV irradiation produced. UV irradiation can result in h
+
 on the 
surface of TiO2 particles, which could oxidize phenol. Microwave also creates defective sites on the 
TiO2, and the polarization effect of this defective catalyst in a microwave field increases the 
transition probability of photon-generated electrons and decreases the recombination of e
−  
h
+
 on the 
semiconductor surface (Ai et al. 2008). Kataoka et al. (2002) mentioned that under irradiation with 
combined microwave and UV-VIS light surface of TiO2 becomes more hydrophobic, and increases 
the hydroxyls on the surface resulting in oxidation to 
•
OH. Horihoshi et al. (2004) proved using 
electron spin resonance that about 20% more 
•
OH were generated by photocatalysis with 
microwave irradiation than by photocatalysis alone  by electron spin resonance. Figure 4.15 shows 
the decrease in phenol concentration in a microwave combined UV irradiation treatment system 
with TiO2 nanoparticles.  
 
     
4.4.3.4 Effect of initial concentration on phenol degradation in the MW-UV-TiO2 process 
Light intensity, dissolved oxygen and initial concentration of the organic substrate are 
factors on which the reaction rate depends in photocatalytic oxidation of organic pollutants (Chen et 
al. 1999, Mehrotra et al. 2003).  Previous studies have been done with phenol concentrations above 
10 mg/L; in the present study the effect of MW-UV-TiO2 on phenol degradation was studied using 
initial concentrations of phenol of 500 ppm, 1000 ppm and 1500 ppm in aqueous solution. The 
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initial pH was maintained (6.9 ± 0.2) without any modification. The catalyst dose and contact time 
were 1g and 120 minutes respectively. The results obtained are shown in Figure 4.16.  
 
 
Fig. 4.15: Effect of the initial concentration of phenol on MW-UV-TiO2 with a microwave at 2.45  
GHZ, UV at 8 watts and Tio2 prepared with sol-gel and hydrothermal methods for 
Phenol degradation. Error bars represent one standard deviation and may not be visible in 
some cases due to small values. 
 
The results showed that, the degradation efficiency decreased with an increase in the initial 
concentration of phenol. The removal percentage of phenol at 120 minutes using the MW-UV-TiO2 
method was 36.8%, 28.8% and 23.8% for 500 ppm, 1000 ppm and 1500 ppm, respectively. Similar 
photocatalytic studies have been done by Kartal et al (2001) and Alnaizy and Akgerman (2000), 
and who concluded that with a increase in the initial phenol concentration the rate of photolysis 
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decreased significantly. Primo et al (2007) reported that the rate of degradation was only 26% using 
an initial concentration of 1000 ppm under irradiation with a medium pressure lamp of 150 Watt for 
600 min. 
4.5 Summary 
 
Degradation of phenol in aqueous suspension with TiO2 was studied under atmospheric 
pressure.  Nanocrystalline TiO2 catalyst were successfully synthesized via sol-gel and hydrothermal 
methods, and then structure and morphology were characterized using different techniques. Two 
laboratory-scale treatment systems, a microwave treatment system and a microwave-assisted UV 
irradiation system were developed to study the degradation of phenol in water in a dark process. 
The following are the conclusions. 
 Degradation of phenol by microwave-assisted photocatalytic treatment system was more 
effective than the microwave system alone. Combination method demonstrated the 
effectiveness and degradation efficiency.  
 TiO2 prepared by the hydrothermal method showed better structural, morphological and 
catalytic activity than TiO2 prepared by the sol-gel method which may be attributed to its 
larger surface area and smaller particle size.  
 The removal of phenol from 300 mL of a 1500 ppm phenol-water solution with 1 g of 
catalyst was found to be 23.82%. 
 The effect of initial concentration was studied at three concentrations (500 ppm, 1000 ppm 
and 1500 ppm) with the microwave-assisted photocatalytic system. It was observed that the 
degradation efficiency decreased with an increase in the initial concentration of phenol. 
 The removal percentage of phenol at 120 minutes by the MW-UV-TiO2 method was 36.8%, 
28.8% and 23.8% for 500 ppm, 1000 ppm and 1500 ppm, respectively. 
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CHAPTER 5 
 
SUMMARY AND CONCLUSIONS 
 
 
 
5.1 Summary 
 
A combined MW-UV reactor was designed by placing a microwave electrode-less UV lamp 
in a microwave reactor to study the effect of MW-UV on degradation of phenol in aqueous solution 
in the presence and absence of TiO2. The effect of MW, MW-TiO2, MW-UV and MW-UV-TiO2 
were studied to see the removal efficiency for phenol. 
To develop and evaluate a microwave treatment system using catalyst and a microwave-
assisted UV treatment system for phenol remediation, one of the most important design parameters, 
is the dielectric properties or permittivity of phenol in water, but this had not been reported in the 
literature. There are critical gaps in knowledge with respect to the permittivity/dielectric properties 
of phenol in water, and the application and evaluation of microwave and combined microwave UV 
irradiation treatment systems for the degradation and detoxification of phenol in water. Therefore, 
the first objective of this study was to measure the dielectric properties of phenol-water mixtures at 
frequency of 1-5 GHz. With the help of the dielectric properties obtained in chapter 3, penetration 
depth was calculated and a reactor was designed for the proper interaction of microwaves with the 
phenol-water mixture. 
The overall objective of this research was to develop and evaluate a microwave system and 
a microwave-assisted UV irradiation treatment system, combined with TiO2 catalysts prepared by 
sol-gel and hydrothermal methods, to degrade phenol in water. Appropriate systems utilizing the 
principles of microwave and microwave-assisted UV irradiation systems, were designed and 
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developed. These systems were evaluated for degradation of phenol in water to verify the 
hypothesis that the developed systems would degrade the phenol in water quickly.  
Experimental investigations were carried out in order to develop a microwave and integrated MW-
UV reactor by incorporating a UV electrode-less lamp in a microwave reactor to study the effect of 
MW and MW-UV on degradation of phenol in aqueous solution in the presence and absence of 
TiO2. MW, MW-UV, MW-TiO2 and MW-UV-TiO2 treatment alternatives were studied. TiO2 was 
synthesized by hydrothermal and sol-gel methods, and characterized with FT-IR, XRD, BET, TGA 
and SEM techniques.  
The MW-UV reactor was developed in such a way that the electrodes of the lamp were not 
directly exposed to microwave radiation. A sample holder with a volume of 300 mL was placed in a 
microwave oven with output power of 1200 Watts and a frequency of 2450 MHz. A mercury lamp 
with wavelength of 254 nm and power of 8 Watts was inserted into the sample holder and 
positioned vertically. A water bath was used to cool the reacting fluid in order to prevent excess 
heat generation and damage to the reaction during microwave heating. 
 Two holes were made in the top of the oven for taking the sample and measuring the 
temperature, and two holes were made in one side of the oven to pass the sample back and forth 
between the reactor and the water bath. A Teflon cylinder with a capacity of 300 mL and 15 cm 
height was inserted into the microwave oven. The mercury lamp was inserted into the Teflon 
reactor and placed centerally with the help of a Teflon plate with holes on it.  It has been reported in 
previous studies (Zhang et al. 2006) that although photocatalytic degradation is effectively 
accelerated by microwave radiation, a traditional UV lamp could not be placed in a microwave field 
because the metal electrodes of the lamp will be damaged under microwave irradiation. 
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Phenol-water solution of known initial concentration was filled into the reactor from the top 
of the Teflon cylinder. The peristaltic pump was switched on and allowed to circulate the sample 
throughout the length of the reactor. The cooler was switched on before the reactor and allowed to 
stabilize the temperature of the solution in the reactor at 40°C. The initial sample was collected 
immediately after the reactor was switched on. The intermediate samples were collected once in 20 
minutes and the total duration of the experiments was 120 minutes. The collected samples were 
immediately analyzed for in the residual concentration phenol.  The values obtained by measuring 
dielectric properties were helpful in selecting the sample holder to be placed in the microwave 
reactor that was designed. MW, MW-UV, MW-TiO2, MW-UV-TiO2 processes were studied and it 
was found that the MW-UV-TiO2 system was the most appropriate system to degrade phenol. The 
catalyst TiO2 was prepared with two methods, hydrothermal and sol-gel and it was observed that 
the catalyst prepared with hydrothermal method showed better and effective catalytic activity than 
the sol-gel catalyst.  
Conclusions from each of the chapters have been presented in Section 5.2 and specific 
recommendations for future research are listed in section 5.3. 
 
5.2 Conclusions 
 
5.2.1 Dielectric Properties of Phenol in Water 
 In this study the dielectric properties of phenol in water were determined as there was no 
information on these properties in the literature.   
It is concluded the dielectric properties of phenol-water mixtures were successfully determined over 
the microwave frequency range of 1-5 GHz.  
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The effects of process parameters such as temperature, concentration and frequency of microwave 
on the dielectric properties of phenol in water were determined. The concentration of the sample 
had little effect on the value of the loss tangent. At lower frequencies the temperature had no effect 
on loss tangent or power factor, but at frequencies higher than 1 GHz, there was a decrease in the 
value of the loss tangent and power factor with an increase in temperature at a particular frequency. 
Concentration did not affect the penetration depth for the sample. Trends were observed for both 
dielectric constant and loss factor, as a result of change in concentration and frequency. 
 
5.2.2 Microwave and microwave assisted AOPs treatment of phenol in water 
The simultaneous effect of MW and UV on degradation of phenol was studied in aqueous 
solution in the presence and absence of TiO2 under controlled temperature. It was found that the 
efficiency of MW and MW-UV processes on the degradation of phenol was less than 10% after 120 
minutes of treatment. However, it is concluded the efficiency of MW-TiO2 (HT) and MW-TiO2 
(SG) was slightly higher at 12 to 15% at 120 minutes, which might be due to adsorption of the 
phenolic pollutants over the surface of TiO2 particles. 
It was observed that MW-UV-TiO2 was superior to any other processes studied for the 
degradation of phenol. At natural pH, the degradation efficiency of MW-UV-TiO2 (HT) on 1500 
ppm of phenol was 23%, and for MW-UV-TiO2 (SG) was 20%. 
Three different concentrations of phenol (500 ppm, 1000 ppm and 1500 ppm) were studied 
with the MW-UV-TiO2 treatment system, and it was observed that the rate of degradation decreased 
as the pollutant concentration increases.  The removal percentage of phenol at 120 minutes with the 
MW-UV-TiO2 method was 36.8%, 28.8% and 23.8% for 500 ppm, 1000 ppm and 1500 ppm, 
respectively.  
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TiO2 nanoparticles were systematically synthesized by two methods; hydrothermal and sol-
gel methods. The synthesized catalysts were then characterized and photocatalytic activity was 
compared using two developed treatment systems, microwave only and microwave-assisted UV 
irradiation for the degradation of phenol. 
It can be summarized, that oxidation of substrate can happen by reacting with holes or 
hydroxyl radicals on the photocatalyst (TiO2) surface, but the result of oxidized intermediates again 
react with reducing species, giving  back  the substrate, and finally decrease in the degradation rate 
of the substrate happens (in this case it is phenol) with increasing initial concentration.  
Specifically, it can be concluded that the MW-UV reactor developed indigenously could be 
successfully used for degradation of pollutants that are especially recalcitrant in nature.  
 
 
5.3 SCOPE FOR FUTURE STUDY 
 
In this area of study, scope still exists for investigation of the following aspects: 
 
 To study the effect of MW power and thermal effect of MW radiation on biodegradability of 
recalcitrant compounds. 
 To study the effect of MW and MW-UV irradiation using alternate oxidants and using 
different catalysts. 
 To scale-up and optimize the reactor systems and further investigate the degradation 
efficiencies by testing higher concentration of phenol. 
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APPENDIX A1 
Dielectric Measurements of Methanol: 
Relative Dielectric constant 
Frequency Literature Experimental % Error 
    1 30.5 31.4 3.1 
2 24.2 25.3 4.5 
3 18.7 19.4 3.4 
4 14.9 15.6 4.9 
5 12.4 12.5 0.9 
 
 
Figure 1: Relative dielectric constant of methanol at 25°C 
Relative Loss Factor 
Frequency Literature Experimental  % Error 
    1 8.8 8.8 0.2 
2 13.2 13.2 0.5 
3 13.9 14.6 5.2 
4 13.1 14.3 8.6 
5 11.9 13.1 10.0 
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Figure 2: Relative Loss factor of methanol at 25°C 
Relative Dielectric constant 
Frequency Literature Experimental % Error 
    1 28.5 30.1 5.3 
2 25.4 26.5 4.2 
3 21.7 21.1 -2.7 
4 18.3 17.5 -4.6 
5 15.6 15.9 2.0 
 
 
Figure 3: Relative dielectric constant of methanol at 40°C 
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Relative Loss Factor 
Frequency Literature Experimental  % Error 
    1 5.4 6.0 9.9 
2 9.4 10.0 6.7 
3 11.5 12.3 6.5 
4 12.2 13.2 8.1 
5 12.1 13.1 8.2 
 
 
Figure 4: Relative Loss factor of methanol at 40°C 
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Appendix A2 
The quantification of phenol was determined using an HPLC. A calibration curve was prepared for 
standard solution. Three injections of each sample were injected into the HPLC and average and 
standard deviations were used to prepare calibration curves shown in the Figures 6.
Figure 5: Calibration of phenol  
